A tough challenge in nanomaterials chemistry is the determination of the structure of multicomponent nanosystems. Dye-zeolite L composites are building blocks of hierarchically organized multifunctional materials for technological applications. Supramolecular organization inside zeolite L nanochannels, which governs electronic properties, is barely understood. This is especially true for confined close-packed dye molecules, a regime not investigated in applications yet and that might have great potential for future development in this field. Here we realize for the first time composites of zeolite L with maximally-packed fluorenone molecules and elucidate their structure by integrated multi-technique analyses. By IR, thermogravimetric and X-ray diffraction we establish the maximum degree of dye loading obtained (1.5 molecules per unit cell) and by modeling we reveal that at these conditions fluorenone molecules form quasi 1-D supramolecular nanoladders running along the zeolite channels. Spatial and morphological control provided by the nanoporous matrix combined with a complex blend of strong dye-zeolite and weaker dye-dye van der Walls interactions lie at the origin of this unique architecture, which is also stabilized by the hydrogen bond network of co-adsorbed water molecules surrounding the dye nanoladder and penetrating between its rungs.
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Introduction
Zeolites, beside their well-established use as catalysts and molecular sieves, are becoming increasingly popular in the cutting-edge field of design and fabrication of advanced functional materials. 1 The regular pore systems of nanometric openings exhibited by the framework make zeolites ideal host matrices for achieving supramolecular organization of photoactive species, leading to versatile building blocks for the realization of hierarchically organized multifunctional composite materials. 1, 2, 3 Microlasers, pigments, optical switches, or artificial antenna systems are only few of the possible applications of these fascinating systems. 4, 5, 6, 7, 8, 9, 10 To date, different zeolites with suitable channel dimensions, such as AlPO4-5, 11, 12 zeolite Y, 13 zeolite L, 14, 15 as well as mesoporous materials like MCM-41, 16 have been successfully adopted as nanosized host matrices for the synthesis of these composites. In this rapidly evolving scenario, the inclusion of photoactive molecules into one-dimensional channel systems is of paramount relevance for further progress in some of the most challenging fields of nanoscience and nanotechnology. Since the nanometric diameter channels of zeolites may induce an anisotropic arrangement of photoactive molecules, the resulting host-guest materials show outstanding energy transfer capabilities, mimicking the functionalities of the antenna systems of living plants. 17, 18, 19, 20, 21 This is a key requirement for the fabrication of increasingly sophisticated optical devices which might open novel pathways in areas such as solar energy harvesting, information processing and nanodiagnostics. 22, 23, 24 Zeolite L (ZL) is a very appealing host matrix for the realization of one dimensional photoactive domains. Due to the narrow openings (free diameter 7.8 Å) and maximum diameter (~12 Å) of its channels, sufficiently bulky dye molecules are constrained to align to the channel axis and are prevented from passing each other. Moreover, ZL crystal growth is not affected by stacking fault problems that might occlude the parallel channel system. 25, 26 By virtue of such feature, it is indeed possible to obtain high concentrations of well oriented dye molecules, which are crucial for realizing e.g. artificial antenna systems. An atomistic-detail knowledge of these organized arrangements of dyes would be fundamental for the future development of molecular-based optical devices.
Supramolecular organization in ZL nanochannels largely depends, at a microscopic level, on the orientation of the molecules with respect to the channel axis, which in turn depends on the size, shape, charge and concentration of the photoactive guests, as well as on the presence and nature of the adopted co-solvent medium. 1 In addition, molecular packing plays a key role in modulating the 3 dye orientation, and therefore the properties of the composites, especially when dye molecules significantly smaller than the ZL channel aperture are included. 1, 3 In this case, the molecules are no longer constrained to align to the channel axis: due to the larger orientation freedom, their distribution is not uniform and their orientation depends on the local concentration. In such conditions, it becomes extremely difficult to predict the structural details of the supramolecular arrangement inside ZL simply on the basis of the geometrical parameters of the guest molecules. 2, 3 Experimental information might be gathered by structural X-ray diffraction studies. However, in the case of dye-ZL systems, difficulties arise from the high symmetry of the zeolite, from the low amount of the light atoms of the dye (which do not allow the determination of a possible symmetry lowering) and from the non-coincidence of the point symmetry of ZL with that of the dye. In addition, because of the non-uniform concentration/orientation of the dye, disorder along the channel could be also present. Furthermore, due to the small size of available ZL crystallites, single crystal X-ray diffraction is not affordable. 27 As a consequence, X-ray structural determinations on this kind of materials are extremely challenging: as a matter of fact, only few diffraction studies are available in the literature. 28, 29 Some insight can be provided by optical spectroscopy of oriented dye-ZL monolayers 30, 31 or by fluorescence microscopy approaches. 32, 33, 34 Since both techniques probe the orientation of the electronic transition dipole moment of the molecules with respect to the ZL channel axis, only indirect information on the actual geometrical features of supramolecular organization can be obtained. Moreover, data interpretation is not straightforward because even single crystal microscopy data are the result of averaging over a large number of situations (e.g. a 600 nm diameter ZL crystal contains roughly 100000 parallel channels) 1 stemming from the non-uniform orientation of the molecules. In this context, modelling dye-ZL composites could be of great help for understanding the organization of molecules confined in nanochannels. For example, theoretical investigations on xanthene dye-ZL composites unraveled the orientation of the dye and revealed that it was influenced by the water co-solvent. 35 On the other hand, in the case of the dye fluorenone (FL), orientation was found to be governed by the strong interaction between the ZL extraframework potassium cations and the fluorenone carbonyl oxygen. Such an interaction was responsible of the stability of the fluorenone-ZL composite as well as of its substantial anisotropy, independently of the water content inside the channels. 36, 37 All of these studies were performed by modeling a low dye loading in order to mimic the dye concentrations generally adopted in actual dye-ZL composites, which are normally below 0.5 molecules per unit cell. 23 The structure, properties and behavior of highly packed dye-ZL materials, 4 i.e., characterized by a high degree of dye loading, have never been explored to date, neither by experiment, nor by modeling. A deep understanding of this regime might provide novel ideas and alternative routes for advances in the fabrication of ZL-based devices, and this work represents the first contribution toward this goal.
By exploiting the full potential of a multi-technique integrated experimental-computational approach, here we study for the first time high dye-loading ZL/FL materials and shed light on how dye molecules are organized in closely packed ZL/FL systems. In the following, the results of combined X-ray diffraction/IR/thermogravimetric analyses on ZL/FL systems characterized by different FL content are reported, discussed, and rationalized by theoretical modeling on the basis of a complex balance of interactions among dye molecules, water and ZL matrix.
Experimental section
Materials
Host: Potassium zeolite L (LTL-framework type, 26 Si/Al ratio 2.9) was purchased from Tosoh Corporation (Japan) (code HSZ-500). LTL framework (space group P6/mmm) is built of The scanning electron microscopy (SEM) picture in Figure 1c shows the typical barrel shape of the crystals and a rather homogeneous size distribution of about 400 × 600 nm. The chemical composition of the zeolite was determined by X-rays fluorescence and thermogravimetric analysis. Figure S1 in the Supporting Information, hereafter SI) confirms the good cristallinity of the material and the absence of impurities.
Guest: 9-fluorenone (C 13 H 8 O), purchased as analytical standards by Sigma-Aldrich with a purity of 98.0%, was used without further purification. The dye is a neutral and flat organic molecule, with a carbonyl as functional group. 38 In Figure 2 the structure and the dimensions of the molecule are shown.
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Methods
TGA-MSEGA
The chemical and structural characterizations of ZL/FL composites were carried out in air at room temperature (RT), i.e. in conditions of possible rehydration.
The thermal analyses (TGA coupled with Evolved Gas Mass Spectrometry, (MSEGA)) of assynthesized ZL, pure FL and of the four ZL/FL composites were performed on a Seiko SSC 5200 thermal analyzer equipped with a quadrupole mass spectrometer (ESS, GeneSys Quadstar 422) using the following experimental conditions: 10°C/min heating rate, from RT to 900°C, 100 µl/min of air flux. The gas emitted during the thermal reactions was monitored in order to allow the unambiguous identification of the species responsible of the weight loss observed in the TGA. 
ATR-IR spectroscopy
Infrared spectra (2 cm -1 resolution, average on 256 scans) were collected in Attenuated Total
Reflection (ATR) mode on loose powder on a Bruker Vertex70 instrument (DTGS detector), equipped with a Bruker OPTIK Platinum ATR accessory (internal reflection element in diamond).
Atmospheric carbon dioxide and moisture signals have been subtracted to all the spectra by applying the Atmospheric Correction tools, as implemented in the Opus 6.5 software.
X-ray powder diffraction
Preliminary XRPD tests on all the synthesized composites have been performed using a 
Structural refinements
Structural refinements were performed by full profile Rietveld analysis using the GSAS package 41 with EXPGUI inter-face. 42 Since no evidence of superstructure and symmetry change in the ZL/FL composites was detected from the analysis of the powder patterns, the refinements were performed in P6/mmm space group. The framework and potassium atom coordinates reported in Ref. 39 for the room temperature refinement were used as a starting model. For all tetrahedral atoms, the Si scattering factor was used, neglecting the amount of Al atoms. The Bragg peak profile was modeled using a pseudo-Voigt function with 0.01% cut-off peak intensity. The background was empirically fitted using a Chebyschev polynomial with 20 variable coefficients. The scale factor, the 2θ-zero shift and unit-cell parameters were accurately refined. 18.3795 (4) 18.3860 (6) 18.3940 (6) 18.4211 (7) Table 1 . Experimental and refinement parameters for ZL and for the ZL/0.5FL, ZL/1.0FL and ZL/1.5FL composites.
The final atomic positions and thermal parameters for the four refinements are given in Table S1 . The framework and extraframework interatomic distances for ZL and for the composites are reported in Tables S2 and S3 . The final observed and calculated powder patterns of assynthesized ZL and of the ZL/0.5FL, ZL/1.0FL, ZL/1.5FL composites are shown in Figure S1 .
Models and calculations
Density functional theory (DFT) calculations were performed on a series of models for the ZL/1.0FL and ZL/1.5FL composites. The PBE approximation 43 with periodic boundary conditions and Grimme corrections 44 for the FL-FL interactions was applied throughout. For both systems the simulation cell was twice the experimental unit cell (u.c.) of the ZL host along c. Calculations on 
where E(ZL·nFL) is the energy of the optimized dry ZL/nFL model (n=2,3 for ZL/1.0FL and ZL/1.5FL, respectively), E(ZL) is the energy of the empty ZL, while E(FL) is the energy of an isolated FL molecule calculated in the same simulation cell.
In the case of the low FL-content system, i.e., the ZL/0.5FL composite, an atomistic-level structural description was obtained from both 0 K energy minimization and room temperature first Nevertheless, ZL/1.5FL models containing 12 and 14 water molecules were also considered.
Stabilization energies of the hydrated ZL/1.5FL models with respect to the isolated components were calculated with Equation 2:
where E(ZL·3FL·xH 2 O) is the energy of the optimized hydrated ZL/1.5FL model (x=12, 13, 14) , 
Stabilization energies and relative stabilities reported in the following are given in kJ per mol of simulation cell.
Results and Discussion
TGA-MSEGA
Water and fluorenone contents in the ZL/FL composites were determined by TGA-MSEGA. The thermal analysis of crystalline fluorenone (grey solid line in Figure 3 ) exhibits only one fast weight loss at 220°C and the mass spectrometry reveals that FL does not decompose in submoieties, but is released in its molecular form. As shown in Figure 3 and showing reflections pertaining to the crystalline fluorenone phase (Figure 4 ). and ZL/2.25FL composites, respectively (Table 2) . These results, and in particular the presence of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 sample was not further investigated. In all of the investigated composites, the amounts of water and FL are, as expected, inversely correlated, indicating that fluorenone molecules entering the channels replace the water molecules.
3.2 ATR-IR spectroscopy Figure 5 shows the IR spectra of FL in solid state and in solution in cyclohexane (upper section "FL") compared with the spectra of bare ZL (dotted black line) and ZL mixed with FL before (middle section) and after (lower section) thermal treatment. . Within the middle and lower sections, spectra have been normalized to the intensity of the ZL framework band centered at ca 1005 cm -1 (see Figure S2 in the SI).
Among the IR signals, the stretching vibration of the carbonyl group of FL (at 1711 cm -1 in solid and 1716 cm -1 in cyclohexane solution) is expected to be particularly informative on the molecules when the composites were exposed to air.
All the IR features of FL result to be strongly increased in intensity after the grafting, as expected for the introduction of the molecule in a strongly polarizing environment as the ZL pores.
From these findings, it is evident that most of the FL molecules enter into the zeolite channels during the 120 °C thermal treatment forming the ZL/FL composites. It is important to stress how the ATR-IR technique reveals its suitability to quickly and easily verify the grafting of dye molecules, bearing a functional group, as C=O, spectroscopically highly sensitive to the chemical environment.
Structure refinement
As-synthesized ZL sample
The structure refinement of the as-synthesized ZL indicated the following extraframework species distribution (see Tables S1 and S3): (i) site KB -in the center of the cancrinite cage -is fully occupied and coordinated to six framework oxygen atoms;
(ii) site KC -in the center of the 8MR channel parallel to the c axis, midway between the centers of two adjacent cancrinite cages -is fully occupied and coordinated by four oxygen atoms; (iii) site KD -in the main 12MR channel -is partially occupied and coordinated to six oxygen atoms and two water molecules.
The water content, corresponding to 18 molecules, is distributed over five extraframework sites located in the main channel, labeled WF, WH, WI, WJ and WK. They are partially occupied and weakly bonded to the framework.
The XRPD patterns collected on ZL and on the ZL/FL composites show differences in the intensity of some diffraction peaks, the most significant being related to the low 2Ө angle region ( Figure S1 ). It is well known that, in zeolites, the intensities of the low angle peaks of the diffraction pattern are related to the extraframework species distribution. Thus, these changes are consistent with the FL penetration and in agreement with the TGA and ATR-IR results. Only small changes in the cell parameters occur, in particular a slight increase of a and a decrease of c parameters are observed in the composites with respect to the original material (Table 1) .
By comparing the results of the structural refinements of ZL with those of the three composites, slight deformations of both the channels running along c axis can be observed by increasing the FL loading. In particular, the 12MR channel becomes more circular, while the 8MR one assumes a more elliptical shape ( Figure 6 ). The combined effect of widening/contraction of the two channels justifies the minor variations in the unit cell parameters reported in Table 1 . Along with the dye, water molecules were also located in the 12MR channel; specifically, 14.7 molecules/u.c. in the ZL/0.5FL composite (distributed over the three independent partially occupied sites WH, WJ and WI) and 9.7 molecules/u.c. in the ZL/1.0FL one (distributed over the two independent partially occupied sites WJ and WI) ( Table S1 ). The OFL oxygen atom and C3
carbon occupy the same positions occupied by water molecules WI and WJ in ZL. These sites, (Tables S1 and S3 ), showed occupancy factors higher than those of the other carbon sites, hence suggesting a possible sharing of these positions by water molecules and FL atoms (Figure 7a, b) . These results, in particular the higher amount of water in the less loaded sample, are in good agreement with what found by TGA and IR analysis.
ZL/1.5FL composite
From the refinement of the ZL/1.5FL composite, 1.48 FL molecules per unit cell were located, distributed over partially occupied sites, in line with the TGA analysis ( Table 2 ). However, the disordered distribution of water and FL molecules greatly contributes to make the determination of the FL positioning/orientation from electronic density maps a very challenging task.
Nevertheless, exploratory structure refinement attempts were performed by forcing the ZL framework 6-fold symmetry, and two FL orientations were found. The first (FL in Table S1 , (Table S3) .
As already observed in the ZL/0.5FL and ZL/1.0FL composites, the refinement located the water molecules in the OFL/WI and C3/WJ sites (Tables S1 and S3 ). The FL'-water distances however showed values well below those expected from the corresponding Van der Waals radii, e.g., the OFL' atom is at distances of 1.07 Å and 2.89 Å from WI and WJ, while C3' is at distances of 2.87 Å and 1.31 Å from WI and WJ. These short distances are due to the partial occupancy of the sites and to the great variability of the positions of the water molecules from unit cell to unit cell because of their dependence on the location of FL. Therefore, even though the R/F 2 value for this refinement may be considered rather good (8.7 %) in view of the high number of variables, the 6-fold symmetry constraint imposed in the refinement resulted in a too short C-C distance (2.56 Å)
between FL and FL' molecules present in two adjacent cells. To solve this structural inconsistence and provide a realistic structural model of the FL packing inside the composite, density functional calculations were performed.
Page 17 of 30
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18
Simulation results
Modeling of dry ZL/FL adducts.
In order to try unraveling the structure of the FL organization in ZL nanochannels, let us first recall that the fluorenone molecular length, 8.9 Å along its longest axis, is greater than the ZL cell dimension along the channel (7.52 Å). FL is however noticeably shorter than the maximum channel opening (~12 Å), indicating that this dye could have orientation freedom inside the zeolite and
should not necessarily align with the ZL channel axis. Actually, by increasing the FL content, a modest shortening of the cell along the c axis is detected, suggesting that, at high FL loading, an organization of the FL molecules in single file should be rather improbable. As reported in refs. 36
and 37, at low loading (i.e. 0.5 FL per u.c.) the calculated minimum energy structure for a dry ZL/0.5FL system is characterized by a FL molecule coordinated, via the carbonyl oxygen, to a K + cation and oriented with its long molecular axis forming an angle of about 30º with the c axis. The stabilization energy of this structure with respect to the isolated ZL and FL components amounts to -80.8 kJ mol -1 . Even though a geometry with FL long axis aligned with the channel direction is only 12.1 kJ mol -1 less stable than the minimum energy structure, at room temperature the FL most probable orientation is that with the molecular long axis at 30º with respect to the channel axis.
Such angle decreases to 20º upon hydration, indicating that in humid conditions not only FL keeps contact with K + but also its average position and orientation inside the channel are not substantially influenced. 36, 37 Also, configurations with the FL long axis perpendicular to the channel axis, where the FL carbonyl oxygen is far from the extraframework potassium cations, are much higher in energy than those aligned with the channel axis and become unstable at room temperature conditions, as evidenced by first-principles molecular dynamics. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 less than 4 kJ mol -1 (see Figure 8 ). The most stable structure is an anti-(2,0) configuration, ( Figure   8a ) and has a stabilization energy of -141.4 kJ mol -1 with respect to the isolated components (see Actually, the minimum energy structure for the ZL/1.0 FL system is just the one characterized by the highest degree of FL close-packing, which maximizes the favorable van der Waals interactions between the dye molecules. 
Conclusions
To unravel the supramolecular organization of close-packed photoactive molecules confined indicating that also zeolite framework flexibility contributes to achieve the optimal FL organization (i.e., that characterized by the highest stability) at the maximum loading. Moreover, the water molecules inside the channel after FL intrusion are arranged in such a way to maximize hydrogen bonds interaction thus providing further stabilization to the system without altering the FL distribution, which is governed by the stronger FL-FL and FL-ZL interactions.
On the whole, all of the results presented in this study highlight the key role of the ZL channels in providing spatial, directional and morphological control over the realization of supramolecular nanoarchitectures of photoactive species and stress the relevance of extraframework K + cations in stabilizing carbonyl-functionalized species inside ZL and in finetuning their organization.
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